To obtain molecularly imprinted polymers capable of selective rebinding with nicotinamide (NAM), NAM imprinted polymers were synthesized via bulk polymerization using various functional monomers and cross-linkers. The NAM recognition properties of these polymers were investigated in organic and aqueous solvents by equilibrium rebinding experiments. The results show that the imprinted polymer prepared using 1:4:4 molar ratio of NAM/MAA/TRIM in dichloromethane exhibited the greatest NAM binding capacity and selectivity. This polymer is potentially valuable for the analysis of NAM in complex matrices where selective isolation and identification are needed.
Introduction
Nicotinamide (NAM, 3-pyridinecarboxamide) is a water soluble compound which exists widely in nature [1] . It is a major component of coenzymes involved in many important biological processes. NAM and its derivatives have long been used as dietary supplements to treat and prevent pellagra, a vitamin deficiency disease. In addition, NAM can be generated in human body from nicotinic acid when used in the treatment of vascular headache, vascular thrombus and other diseases.
Currently, there are many methods available for the analysis of NAM in foods, pharmaceuticals, and biological samples. These methods include spectroscopic technique [2] [3] [4] , titration [5] , microbiological methods [6] and HPLC [7] [8] [9] [10] [11] [12] . For the analysis of complex biological samples, spectrometry and titration are not suitable, while microbiological methods are tedious and time-consuming. Although HPLC method can provide a good sensitivity, the technique is not commonly used because of the requirement of complicate sample pretreatment process.
Molecular imprinting is a technique that can provide selective adsorbents for facilitating the sample clean-up and pre-concentration [13] [14] [15] . Generally, a target analyte is used as a template to produce a highly cross-linked polymeric material via radical copolymerization of functional monomer and cross-linker in the presence of the template [16] . The recognition properties can be introduced to the polymer matrix via the non-covalent imprinting [17, 18] . In this approach, functional monomer is allowed to self-assemble with the template molecule. Radical polymerization with a cross-linker helps stabilize the template-monomer complex. After template removal, the resulting polymer thus contains binding sites complementary to both shape and chemical functionality of the original imprint molecule.
Molecularly imprinted polymer (MIP) of NAM has previously been synthesized [19, 20] . Nevertheless, the binding performances of the polymer were only evaluated in organic solvent-based media. Since NAM samples from various sources often contain high water content, MIPs that can selectively bind with NAM in aqueous would be beneficial in the NAM sample pretreatment and analysis.
In this study, NAM imprinted polymers were synthesized using various functional monomers and cross-linkers. Their binding efficiency in both organic and aqueous media was investigated by batch rebinding experiments. The selectivity of selected polymers was also evaluated by comparing the rebinding capacities of NAM and structurally related analogues. Scanning electron microscope (SEM) was then used to characterize the morphology of the best NAM binding polymer.
Results and discussion

Syntheses of NAM imprinted polymers and their binding efficiency
Many attempts have been made to optimize the imprinting parameters in order to obtain MIPs with water compatibility [21] [22] [23] [24] [25] [26] . These include careful selection of appropriate type and ratio of monomers, cross-linkers and porogens [27] . Since NAM contains basic pyridyl ring and an amide group, the monomers which can form stable complex with NAM via hydrogen bonding and/or ionic interaction were selected. These monomers include methacrylic acid (MAA), acrylamide (AC), itaconic acid (ITA), and 2-hydroxyethyl acrylate (HEA). Divinyl benzene (DVB), ethylene glycol dimethacrylate (EGDMA), trimethylpropane trimethacrylate (TRIM) and polyethylene glycol diacrylate (PEGDA) were chosen as the cross-linkers. Their structural features ranging from highly rigid hydrophobic to highly flexible hydrophilic would provide a polymeric network containing various sizes of binding cavities. The structures of functional monomers and cross-linkers used in this study are shown in Fig. 1 . To achieve the most possible comparison, polymers 1-7 were synthesized with the same ratio of monomers and cross-linkers, while the types of monomers and cross-linkers were varied. For polymers 7-10, the ratios between MAA and TRIM were varied to study the effect of monomer/crosslinker composition. In most cases, dichloromethane was applied as a porogen to facilitate the complex formation between NAM and functional monomers, except for the synthesis of MIP3 where THF was used to dissolve the ITA monomer. The compositions and yields of the obtained polymers are listed in Table  1 . Binding performances of the obtained MIPs in acetonitrile and aqueous phosphate buffer were determined by template rebinding studies under equilibrium [28] [29] [30] . The concentrations of the polymers used in these experiments were pre-adjusted to the optimum values in order to reduce the effect of hydrophobic nonspecific interaction. For each polymer, the percentage bound (% bound) of NAM and the imprinting factor ( ) were calculated according to equation 1 and 2, respectively.
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where Q is the amount of NAM bound to the polymer and Q initial is the initial amount of NAM before adding the polymer.
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The binding percentage of NAM to MIPs and the imprinting factor ( ) of these polymers are shown in Table 2 . The effects of type of functional monomer on the binding efficiency of the MIPs were evaluated by comparing the % bound and the values of the MIPs prepared with various functional monomers using EGDMA as a cross-linker (MIP1-MIP4). As can be seen from Table 2 , in acetonitrile where hydrogen bonding is favourable, the binding of NAM was the greatest for MIP4 followed by those for MIP3, MIP1, and MIP2, respectively. Similar binding characteristics were observed when the binding test was performed in aqueous where ionic and hydrophobic interactions dominated. The high imprinting factors obtained for MIP3 and MIP4 are also indicative of the specificity of the polymers in comparison to the corresponding non-imprinted polymers. Since both monomers used in preparing MIP3 and MIP4 contain acidic carboxyl groups, it is likely that the NAM recognitions by these polymers are occurred via hydrogen bonding and ionpairing. These types of interaction allow stronger bond between NAM and the polymers relative to those derived from AC and HEA where ionic interactions are not possible. To evaluate the effects of the cross-linker types, the binding characteristics of the imprinted polymers MIP4-MIP7, prepared using MAA as the functional monomer with different cross-linkers, were compared. It was found that, in acetonitrile, MIP4 synthesized with EGDMA as the cross-linker exhibited the highest affinity toward NAM, followed by MIP5, MIP7, and MIP6 respectively. In aqueous buffer, MIP4 also showed the highest NAM binding affinity and specificity. This data suggests that excessively flexible cross-linker such as PEGDA can impair the recognition property of MIPs.
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Previous studies have shown that TRIM can provide better binding characteristics in aqueous, provided that the optimum amount was used [31] [32] [33] . The effect of monomer/crosslinker ratio was thus studied by comparing the binding results obtained from MIP7-MIP10. In both organic and aqueous media, MIP9 synthesized with the 1:1 molar ratio of MAA/TRIM exhibited the highest affinity toward NAM with relatively high specificity. This data suggests that the ratio between monomer and cross-linker is a crucial factor that should be optimized to achieve maximum binding efficiency.
Substrate selectivity of MIPs
Imprinted polymers that showed good NAM binding affinity such as MIP4 and MIP9 are selected for further investigation to evaluate the imprinting efficiency. MIP7, MIP8 and MIP10 are also included to study the effect of monomer/cross-linker ratio. The binding selectivity of these polymers was compared by performing the equilibrium binding experiments in acetonitrile and aqueous buffer using NAM structurally related analogues, including benzamide, pyridine, benzyl amine and acetophenone. The structures of NAM and its structural analogues are shown in Fig. 2 . The percentage bounds of these compounds to the imprinted polymers are shown in Fig. 3 . The selectivity factors, were calculated according to equation 3 and listed in Table 3 . According to Fig. 3 (a) and Table 3 , in acetonitrile, all the tested NAM structurally related compounds were bound to all imprinted polymers in a lesser extent than NAM. MIP4 prepared from MAA and EGDMA exhibited slightly better NAM selectivity than the other polymers prepared from MAA and TRIM. Nevertheless, when the molar ratio between MAA and TRIM was decreased to 1:1, MIP9 showed the highest of 826 indicates the high selectivity of the polymer for NAM over acetophenone. This observation is as predicted since acetophenone contains only one carbonyl group which is less likely to bind strongly to the acidic polymer. Interestingly, the negative values of %Bound were observed in many cases, especially for benzamide. This probably was due to self aggregation of the compound causing an increase in the absorbance value after addition of the polymer. Since significantly higher amount of NAM was adsorbed to MIP9, it is likely that both pyridyl nitrogen and the amide group presence in the NAM structure play synergistic effect in governing the binding specificity to the imprinted polymer.
In aqueous buffer where hydrophobic interaction plays important role in the binding recognition, interferences from hydrophobic compounds are clearly observed. According to Fig. 3 (b) , only pyridine was bound to all the MIPs in a lesser extent than NAM, while higher amount of the more hydrophobic compounds such as benzyl amine and acetophenone were bound to these polymers. MIP4 was unable to discriminate NAM from other similar test compounds, while some selectivity was still able to observe in case of MIP9. As from Table 3 , slightly greater NAM selectivity over benzamide and pyridine were observed for MIP9 and MIP10, suggesting better aqueous selectivity of these polymers over the others. MIPs can have various physical configurations depending on the method used in the polymerization process [34] . Scanning electron microscopy (SEM) was thus used to characterize the morphology of the obtained MIPs. The representative SEM images of MIP9 are shown in Fig. 4 . As predicted, the crushed polymers were irregular in shape containing rough surface. The size of the polymer particles was found in a range of 5-15 m.
Characterization of NAM-imprinted polymers
Conclusions
The NAM imprinted polymers prepared from the 1:4:4 molar ratio of NAM/MAA/TRIM in dichloromethane was found to exhibit the greatest binding affinity and selectivity toward NAM in both organic and aqueous media. The selectivity appears to be dependent on a combination of ion pairing and hydrogen bonding of the template to the MAA monomer which can be sustained when switching from organic to aqueous media. Although further investigations of the mechanism of molecular recognition by the MIPs are necessary, our MIP could potentially be used for sample preparation and/or chromatographic detection of NAM in various media where selective adsorptions are needed.
Experimental part
Reagents NAM, methacrylic acid (MAA), acrylamide (AC), itaconic acid (ITA), 2-hydroxyethyl acrylate (HEA), ethylene glycol dimethacrylate (EGDMA), divinylbenzene (DVB), polyethylene glycol dimethacrylate (PEGDMA), and trimethylpropane trimethacrylate (TRIM) were purchased from Aldrich (Milwaukee, WI, USA). Benzoyl peroxide was obtained from Janssen Chemical (Beerse, Belgium) and was recrystallized from methanol prior use. All other chemicals were purchased from commercial suppliers and used without further purification.
Instrumentation
Absorbance measurements and spectra were recorded on a Lambda 25 UV/Vis spectrophotometer (Perkin Elmer,USA) with 1-cm quartz cells. Scanning electron microscopy (SEM) images were recorded on a scanning electron microscope (JEOL, 6335F, Japan).
Synthesis of molecular imprinted polymers (MIPs)
Appropriate amounts of template molecule and functional monomer were dissolved in porogen and incubated for 10 min. The cross-linker and benzoyl peroxide used as initiator were then added sequentially. The flask was sealed with rubber cap and was purged with nitrogen for 10 min. The polymerization was then carried out at 60 o C in oven for 24 h. The resulting bulk rigid polymers were ground into fine powder. Template removal was done by extracting the obtained polymers with methanol/acetic acid (9/1, v/v) using soxhlet extractor and subsequent wash with methanol and acetonitrile to remove residual acetic acid. The particles were dried at 50 o C in oven and under vacuum. Non-imprinted polymers (NIPs) were prepared by same procedure but without addition of template.
Batch rebinding studies
An appropriate amount of powder polymer was added to a 0.5 mM solution of NAM in acetonitrile or in 0.01 M phosphate buffer pH 7 containing 10% ethanol. The samples were incubated on a rocking table overnight at 25 o C. After that the polymer was isolated from the mixture by centrifugation and the supernatant was analyzed by UV spectrophotometer at max 262 nm. This experiment was done in triplicate for each polymer. The quantity of NAM in the solution was determined by reference to a calibration curve.
The selectivity of MIPs was investigated as previously described using NAM and its structurally related compounds including benzamide, pyridine, benzyl amine and acetophenone at the concentration of 0.5 mM in acetonitrile and 0.01 M phosphate buffer pH 7 containing 10% ethanol. The amount of polymer used was 40 mg/ml and 20 mg/ml for binding in acetonitrile and aqueous phosphate buffer, respectively. The amount of the substrates before and after adding polymers was determined using UV spectrophotometer at λ max of each tested compounds.
MIPs characterization by scanning electron microscopy (SEM)
The morphologies of the polymers were studied using a JEOL scanning electron microscope (SEM). SEM specimens were prepared by diluting the particle dispersions with acetone and placing one drop each on a stub. The drops were allowed to dry at room temperature and then sputter coated with gold prior to imaging.
